The lethal effects of various biocides, in particular two agents (chlorhexidine diacetate and polyhexamethylene biguanide) on cysts and trophozoites of Acanthamoeba castellanii have been measured by both plaque assay and flow cytometry (FCM). Minimum amoebicidal concentrations against trophozoites were generally the same by the two methods whereas minimum cysticidal concentrations were occasionally higher by FCM. Concentrations of biguanides required to produce an equal reduction in viability were also higher by FCM than by plaque assay.
Introduction
Enumeration of viable Acanthamoeba spp. has normally been undertaken by standard plaque assay. 1, 2 This method depends on the ability of trophozoites to phagocytize a bacterial lawn, resulting in the production of plaqueforming units (pfu). The extent of phagocytosis is time dependent, 3 and thus this method takes several days to give visible plaques.
The flow cytometer is an instrument designed to quantify with high precision the fluorescence of individual cells. 4 When hydrodynamically focused to the central portion of a flow stream of cell-free sheath fluid, cells stained with fluorescent dyes are presented in a single file to a beam of light emit fluorescent pulses. The pulse signals are converted into voltages, and stored by computer. 5 Therefore, fluorescent dyes that have a specific characteristic staining may be used to discriminate viable and non-viable cells.
Fluorescent dyes used in flow cytometry (FCM) have been discussed by Lloyd. 6 Fluorescein diacetate (FDA) and propidium iodide (PI) have been used as indicators of cell viability in various organisms. Both dyes are excited in blue light (488 nm line of the argon ion laser); green fluorescence is produced at 530 20 nm and red fluorescence at 620 nm. 7 FDA is a non-fluorescent compound. It readily crosses the cell membrane and is hydrolysed by a non-specific esterase to produce a green fluorescent compound (fluorescein), 8 whereas PI can enter dead cells to stain nucleic acids and produce a red fluorescence when the membrane loses its integrity. 9 The numbers of green (live) and red (dead) fluorescent cells can be analysed rapidly and differentially by FCM. Determination of cell viability by double staining with FDA and PI is a rapid and reliable method. 10 This method has been used to determine the viability of cysts of Giardia muris 11 and Trichomonas vaginalis trophozoites, 12 and for the assessment of drug-induced permeability in fungal membranes. 13 The aim of this study was to assess the ability of FCM to determine Acanthamoeba castellanii viability. Comparisons of FCM and plaque assay techniques for determining the susceptibility of A. castellanii to biguanides and assessment of biguanide-induced membrane damage were also carried out.
Materials and methods

Test organism
A. castellanii (Neff strain) cultures were maintained and grown as described previously. 14 
Chemicals
Chlorhexidine diacetate (CHA) was purchased from Sigma Ltd (Poole, UK), polyhexamethylene biguanide (PHMB) from Zeneca (Macclesfield, UK), benzalkonium chloride (BZK) from Thorton 
Enumeration of cell viability by flow cytometry
Cell suspensions. A 42 h culture of A. castellanii (Neff strain) in peptone-glucose-yeast extract (PGY) medium or a cyst culture in encystment medium was harvested at 500g for 10 min and washed twice with PBS. One portion of the cell suspension was heated at 70°C for 30 min, a second portion was unheated. To discriminate between viable and non-viable cells, a mixture of 0.5 mL heated suspension and 0.5 mL unheated suspension was stained with FDA and PI, as described below, before analysis by FCM.
Staining procedure. Sufficient volumes of stock solutions of FDA (1 mg/mL in acetone) and PI (1 mg/mL in filtered sterile water) were added to a sample (1.0 mL) of viable and dead cells in PBS to give concentrations of 10 and 25 mg/L, respectively. The sample was then incubated for 10 min at room temperature before FCM analysis. The sample was also observed under an epifluorescence microscope (Zeiss, Jena, Germany) with a magnification of 400 .
FCM analysis. Samples were analysed using a Skatron Argus Flow Cytometer (Skatron, Tronby, Norway) with a mercury arc lamp. The red and green fluorescence signals were detected with a fluorescein isothiocyanate filter block, which provides an excitation at 470-490 nm and emission at 520-560 nm. Photomultiplier voltages and gain settings were fixed throughout the experiment. Samples were run at a flow rate of 10 L/min. Standardization and instrument alignment were performed using 2 m latex spheres (Polyscience, Northampton, UK). The sheath fluid was deionized water which had been filtered twice through a 0.2 m pore membrane filter (Millipore, Chester). Fluorescence histograms were gated by forward light scatter to eliminate noise. Data were collected for 60 s and are presented as histograms of cell numbers versus (1) green fluorescence intensities and (2) red fluorescence intensities. Isocontour plots show red versus green fluorescence versus cell number. Histograms of isocontour plots contained 8000-15 000 cells.
Enumeration of biocide-treated cells
Suspensions of trophozoites (1 mg dry wt/mL) or cysts (2 mg dry wt/mL) were treated with various concentrations of biocides for 1 h at 20°C. Biocidal activity was neutralized, and the cells were washed twice with PBS and analysed by FCM. The green fluorescent cell number determined by this method was compared with viability determined by the standard plaque assay based on the phagocytosis of Escherichia coli and described previously. 14 In addition, minimum amoebicidal concentrations (MACs) and minimum cysticidal concentrations (MCCs) were determined by FCM and plaque counting after exposure of trophozoites and cysts, respectively, to biocides for 4 h at 20°C. Washing and buffering of samples ensured that other factors such as pH and variation of ionic strength did not affect the fluorescence intensities of stained cells. 15, 16 Pentose leakage Pentose leakage, an index of membrane damage, 17 was determined as described by Khunkitti 18 and Khunkitti et al.
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Results
Determination of viable and dead cells
Living trophozoites and cysts produced a green fluorescence whereas dead cells produced a red fluorescence. Isocontour plots thus discriminated between live and heatkilled cells (Figures 1-3) . The overlap of emission spectra of the FDA and PI led to some green fluorescence also being measured in the red fluorescence channel. The flow cytometer has no colour compensation to allow subtraction of the green from the red fluorescence and thereby shift the live cell population towards the green axis. 12 As a result, both green and red fluorescent cells appeared in the red fluorescence channel and this represents the total cell number.
Staining time
It was found that the maximum cell count was reached within 10 min; this cell count remained constant for 7-10 min and reduced thereafter (data not shown). This could be due to fluorescein leakage from the cells. Poor retention of fluorescein in bacterial cells has been observed by Diaper & Edwards. 20 
Total cell numbers
Total counts of cysts were greater by the haemocytometer method than by FCM (Table I) . As illustrated in Figure 3 , 33.4% of the untreated cyst suspension counted by haemocytometer were able to hydrolyse FDA, whereas only 9.5% appeared to be stained by PI. Table II shows that the viable cell number count was significantly greater by FCM than by plaque assay. The pfu from a 42 h culture of trophozoites were approximately 72% of total count determined by haemocytometry. After being washed twice and resuspended in PBS or 0.9% w/v saline solution only approximately 38% of the cells could produce pfu.
Comparison of cell viability determined by FCM and plaque assay
Effects of biocides on the viability of trophozoites and cysts
Cells exposed for 1 h to various concentrations of biguanides (CHA, PHMB) showed the same type of response, i.e. increasing inactivation with increasing concentration, when examined by the two methods. However, significant differences were observed between log pfu/mL and log green fluorescent cells versus biguanide concentrations (Figures 4 and 5) .
MACs of biocides determined by plaque assay and by FCM were the same except for BZK (Table III) . By contrast, MCCs of biguanides, BZK and PMN were greater by FCM than by plaque assay (Table III) . As described above, MACs and MCCs were determined after exposure of cells for 4 h at 20°C.
Biguanide-induced membrane damage
A biphasic leakage pattern from biguanide-treated trophozoites corresponded to the log 10 total cell numbers as determined by FCM (Tables IV and V) . As concentrations of the biocides were increased, the log 10 numbers decreased gradually, except in the case of CHA at 500 mg/L (Table IV) .
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Discussion
In this paper, we have compared FCM and plaque assay for enumerating cysts and trophozoites of A. castellanii, including cells that have been exposed to biguanides and other biocides. Some 33% of untreated cysts counted by haemocytometry were able to hydrolyse FDA whereas just under 10% were stained by PI (Figure 3 ). According to Stratford and Griffiths, 21 mature cysts are metabolically relatively inactive. As a result, it is possible that either some cysts may show only very low enzyme hydrolysis of FDA (thereby giving only low fluorescein production) or that the fluorescent dyes could not enter some mature cysts. Further studies are required to resolve this matter.
The viable cell number count was significantly greater by FCM than by plaque assay (Table II) . This suggests that some of the cells may be incapable of phagocytizing E. coli but can still convert FDA to fluorescein and produce a green fluorescence. Trophozoites that had been washed and resuspended in PBS were less able to produce pfu when added to an E. coli suspension. It is known that phagocytic activity of A. castellanii is only partially expressed in phosphate buffer-suspended organisms. 22 Trophozoites that are incapable of phagocytizing E. coli probably still possess the active esterases capable of hydrolysing FDA.
The viability of cysts and trophozoites after treatment with biguanides was determined by FCM and plaque assay. The lethal concentration to produce an equal reduction in viability was greater when determined by the former method. It is possible that dying cells retain the ability to 231 At MAC values, trophozoites may suffer from severe injury and allow PI to stain the cells. BZK may cause less membrane damage to the cells than other biocides. In contrast, MCC values of CHA, PHMB and BZK from FCM were greater than from plaque assay. The results suggest that these biocides caused less severe plasma membrane damage to cysts whereas PMN (20 mg/L) may only prevent the excystment of amoeba from cysts. Only H 2 O 2 and the chlorine-releasing agents appear to affect trophozoites and cysts to the same extent as assessed by either method.
This work has again brought into focus the old question of when is a (biocide-treated) cell dead? The original studies of Hugo 23 demonstrated that treated bacterial cells that were unable to produce colonies on agar still retained much enzyme activity. Thus, it is not clear from the present study whether the FCM method underestimates the lethal activity of biocides. 
